presence of minimal overgrowth of fibrous connective tissue covered by respiratory epithelium. A positive red fluorescence staining of PKH26 on engineered tissue 4 weeks after implantation confirmed the presence of cultured nasal respiratory epithelial cells intercalated with native tracheal epithelial cells. Scanning electron microscopy showed the presence of short microvilli representing immature cilia on the surface of the epithelium. Our study showed that TEREC was a good replacement for a tracheal mucosal defect and was able to promote natural regenesis of the tracheal epithelium with minimal fibrosis. This study highlighted a new technique in the treatment of tracheal stenosis. 
Introduction
Tracheal stenosis is an abnormal narrowing of the tracheal lumen that warrants a challenging approach in its treatment. Etiologically, infection and external trauma to the airway have been considered as the two main causes for tracheal stenosis [Epstein et al., 2005; Koshkareva et al., 2007] . The sequelae of intubation have become an important etiology and 10% of intubated patients will subsequently develop tracheal stenosis [Heather et al., 2006; Koshkareva et al., 2007] . Epithelial cell migration, proliferation and differentiation will take place to cover defective regions for the reconstruction of a functional epithelium. However, the slowness of epithelial regeneration of injured tracheal mucosa is a challenging problem [Kobayashi et al., 2006] . The failure of regenerated epithelium to cover the defect caused exaggerated fibrous tissue formation followed by contraction of the scar, which subsequently leads to recurrent tracheal stenosis [Le Visage et al., 2004; Nomoto et al., 2006] .
A variety of surgical approaches have been described for the management of tracheal stenosis. Each approach has its own benefits and limitations. However, no approach has gained universal acceptance [Brichet et al., 1999] . Operative interventions range from minor procedures such as sequential airway dilatation to major airway reconstruction such as laryngotracheoplasty, cricotracheal resection or tracheal resection with endto-end anastomosis [Grillo, 2002] . Although dilatation represents a safe and effective treatment modality, temporary improvement is often followed by recurrent symptomatic disease requiring repeated dilation or airway surgery. The advantages of major airway reconstruction involve the fact that it can be performed as a single-stage operation and provides definitive treatment outcome; however, it carries a higher morbidity and mortality [Heather et al., 2006; Andrews et al., 2007] .
Tissue engineering applies the principles of engineering and life sciences to the development of biologic substitutes that restore, maintain or improve tissue function and offer the potential to create replacement structures from biodegradable scaffolds and autologous cells [Langer and Vacanti, 1993] . Recently, several studies pertaining to tracheal regeneration using tissue engineering techniques have been reported. Experimental and clinical studies in the development of alloplastic tracheal prostheses have shown that the presence of epithelial lining with excessive ingrowth of granulation tissue on the luminal surfaces may be a significant contributing factor in the failure of these devices [Kanzaki et al., 2006; Nomoto et al., 2006; Yamashita et al., 2007] . The proliferation of granulation tissue which stopped along with the surface epithelialization indicates that the luminal respiratory epithelial lining is needed for quick regeneration of the tracheal epithelium [Tsukada and Osada, 2004; Tan et al., 2006] . The objective of this study was to promote regenesis of a functional tracheal epithelium on a tracheal mucosal defect. Autologous respiratory epithelial cells and fibroblasts with autologous fibrin as a biomaterial were used to form a tissue-engineered respiratory construct (TEREC) in order to prevent the formation of fibrosis which leads to tracheal stenosis.
Materials and Methods
This study was approved by the Animal Ethics Committee of the Veterinary Faculty, University Putra Malaysia and the Universiti Kebangsaan Malaysia Animal Ethics Committee. Twelve healthy 6-month-old male sheep with a mean weight of 10 kg were used in this study. Two-stage surgery was performed: (1) harvesting of the nasal turbinate and (2) coring of tracheal mucosal layer with or without implantation of engineered tissue. All operations were performed under general anesthesia.
Nasal Turbinectomy
The nasal cavity of the sheep was packed with a mixture of 10% cocaine and adrenaline on ribbon gauze for 5-10 min to decongest the nose to provide a relatively dry and bloodless surgical field. The inferior nasal turbinate was resected using curved scissors under endoscopic guidance. The turbinates were cleaned using phosphate-buffered saline (PBS; Gibco/Invitrogen) to reduce the red blood cells and mucus content on the tissue surface. Turbinates were then placed in fresh PBS for transportation to the laboratory.
Cultivation of Respiratory Epithelial Cells
The turbinates were transferred into a Petri dish and cleaned again using PBS containing penicillin and streptomycin (Gibco/ Invitrogen). Specimens were minced and then soaked in antibiotics and antimycotics (Gibco/Invitrogen) for 5 min. The mucosal layer was separated from the underlying bones and cut into 2 mm 3 and digested in 0.3% collagenase type I (Orange Scientific) for 6-7 h. After digestion, the cell suspension was centrifuged at 5,000 rpm for 5 min at 37 ° C (Jouan centrifuge, Duguay Trouin, St. Herblain, France). The resulting cell pellet was washed with PBS to remove residual collagenase and centrifuged again to obtain a cell pellet. The 0.05% trypsin-EDTA (Gibco/Invitrogen) was added and placed in a shaker incubator for 5 min at 37 ° C. Then, the trypsin inhibitor (Gibco/Invitrogen) was added to stop the action of trypsin-EDTA. Trypsin-EDTA was used to separate cell agglomerates into single cells. Suspension was centrifuged again and washed using PBS. The cell pellet consisted of respiratory epithelial cells and the fibroblasts were then resuspended in defined keratinocyte serum-free medium (DKSFM), F-12, and Dulbecco's modified Eagle's medium (DMEM) at a ratio of 2: 1:1, supplied with 5% fetal bovine serum (FBS) (DKSFM:F-12:DMEM + 5% FBS; Gibco/Invitrogen) and seeded together in 6-well plates (Falcon). All cultures were maintained at 37 ° C in a humidified 5% CO 2 incubator (Jouan). After the culture reached confluence in 3-4 days ( fig. 1 a) , the fibroblasts were trypsinized and plated into new 6-well plates, leaving colonies of respiratory epithelial cells to reach confluency for about 3 days in DKSFM. The fibroblasts were culture expanded in F12:DMEM supplied with 10% FBS. Phase-contrast light microscopy (Olympus, Tokyo, Japan) was used to observe respiratory epithelial cells and fibroblasts on a daily basis ( fig. 1 b, c) .
Autologous Plasma Preparation as Biomaterial
Whole blood was taken from the jugular vein of the sheep and collected in sodium citrate tubes. The blood was centrifuged at 4,800 rpm for 5 min at 4 ° C. This step extracts the plasma from whole sheep blood. The plasma was pipetted out and filtered using a 0.2-m filter unit (Sartorius) and stored at -20 ° C until use.
Bilayer TEREC Formation
After reaching confluence, both types of cells were detached using 0.05% trypsin-EDTA and counted with a hemocytometer (Weber Scientific International Ltd., Teddington, UK). The isolated respiratory epithelial cells were labeled with PKH26 (Sigma), a fluorescent marker for cell tracking according to the manufacturer's protocol. Approximately 5 million fibroblasts were incorporated into 1 ml of fresh autologous plasma. This admixture was polymerized with 1 M of calcium chloride (CaCl 2 ) with a concentration of 100 l/1 ml plasma in a 2 ! 3 cm 2 agarose gel mould to form a fibrin-fibroblast layer. The same procedure was repeated for the respiratory epithelial cells and the admixture was polymerized to form a fibrin-respiratory epithelial cell layer on top of the fibrin-fibroblast layer. The agarose gel was removed after 10-15 min of construct stabilization. The bilayered TEREC was maintained in a DKSFM:F-12:DMEM + 5% FBS medium prior to implantation.
Implantation of the Bilayer TEREC (Experimental Group, n = 6)
Tracheostomy was performed prior to implantation. The airway tubing of the anesthesia machines was transferred from the endotracheal tube to the tracheostomy tube. A vertical skin incision was made proximal to the tracheostomy site, followed by separation of the fascia, sternohyoid and sternothyroid muscles (strap muscles), exposing the cervical trachea. A vertical incision was made on the trachea exposing the tracheal luminal surface. A tracheal mucosal defect of 3 ! 2 cm 2 was made by coring out the mucosal lining ( fig. 2 a, b) . Bilayer TEREC was implanted at the defect (n = 6) ( fig. 2 c) . Titanium mesh (1.3 mm, Jubli Medik Sdn. Bhd.) of 4 ! 3 cm 2 was placed on top of TEREC to prevent TEREC from dislodging into the tracheal lumen ( fig. 2 d 
Control Group
The control study was divided into 2 groups: the first control group underwent coring of the tracheal mucosal layer with autologous fibrin construct implantation (control group 1, n = 3), whereas the second group underwent coring of tracheal mucosal layer without any construct implantation (control group 2, n = 3).
In control group 1, no cells were used. The autologous fibrin constructs were formed using polymerized fibrin from the sheep's own plasma, the same method as in the experimental group, apart from the usage of cells.
Macroscopic Assessment
Four weeks after the procedure, the sheep were sacrificed using 200 mg/ml of pentobarbital sodium injection (Dorminal 20%, Alfasan, Woerden, The Netherlands). The cervical trachea including the implant site was resected to observe the cross section of the trachea. The trachea was then opened posteriorly to evaluate the formation of fibrosis and photographed. The formation of stenosis was graded according to the Myer-Cotton staging system proposed by Myer et al. [1994] . The overgrowth of whitish-colored tissue (fibrosis) on top of titanium mesh was excised and was placed on a graph paper sized 3 ! 2 cm 2 to count the percentage for statistical analysis.
Histological and Fluorescence Analysis
In vivo samples were fixed in 10% buffered formalin, processed in sample processor, embedded in paraffin and sectioned at a thickness of 4 m using a Leica microtome (Leica Microsystems, Wetzlar, Germany). The tissue sections were dehydrated in a graded series of ethanol and were stained with hematoxylin and eosin. The steps were completed with the rehydration step and visualized using a light microscope (Olympus). The other fresh tissue part was frozen with dry ice, mounted in OCT compound and sectioned using the frozen section microtome (Leica Microsystems) at 6 m thickness for fluorescence microscopic observation. 4,6-Diamidino-2-phenylindole (DAPI) was used for nuclear staining in the frozen sections.
Scanning Electron Microscopy
After primary fixation in 4% glutaraldehyde, in vivo samples were soaked with 0.1 M sodium cacodylate for 10 min and washed 2010;192:292-302 296 3 times. Samples were transferred to 1% osmium tetroxide for 2 h as postfixation. All were then washed again with 0.1 M sodium cacodylate. Samples were dehydrated in a graded series of acetone, placed into the critical point dryer (CPD Baltec-030) for 30 min, mounted onto a stub, sputtered with gold coating in a sputter coater Polaron E-5100 scanning electron microscopy coating unit and viewed under a JOEL-JSM 6400 scanning electron microscope unit.
Statistical Analysis
Differences between treatment groups were analyzed using the Mann-Whitney test. p ! 0.05 was taken to indicate statistical significance. 
Results
All sheep tolerated both nasal turbinectomy and tracheal surgery well. No serious infections or complications occurred in the postoperative period except for 3 sheep in control group 2 (coring of tracheal mucosal layer without any construct implantation) which died due to obstructive respiratory problems prior to the date of sacrifice.
Macroscopic Evaluation
Luminal Patency Gross observation showed minimal luminal stenosis in the experimental group where the tracheal lumen was patent and the wound had healed completely ( fig. 3 a) . Observation in the control group 1 showed marked luminal stenosis of various degrees, a consequence of scar contraction resulting in an implanted area which constricted towards the lumen ( fig. 3 c) . All sheep in control group 2 died after 2 weeks due to respiratory distress. Gross observation and postmortem in control group 2 showed poor wound healing with excessive necrotic tissue formation causing lethal stenosis ( fig. 3 e) .
The severity of tracheal stenosis was determined using the Myer-Cotton staging system. Stenosis established in the experimental group was categorized as grade 1 (n = 6). In control group 1, it was categorized as grade 1 (n = 1) and grade 2 (n = 2), whereas in control group 2, formation of stenosis was categorized as grade 3 (n = 3).
Observation of control group 1 showed overgrowth of whitish-colored tissue which represented fibrotic tissue on titanium mesh ( fig. 3 d) as compared to the experimental group ( fig. 3 b) . In control group 2, there was excessive necrotic tissue formation covering the whole implanted area ( fig. 3 f) .
Statistical Analysis Average percentage of fibrosis formation on titanium mesh in the experimental group was 7% (n = 6) as compared to control group 1 in which the average percentage of fibrosis formation was 71.8% (n = 3). Due to nonnormal distribution data, the Mann-Whitney test was used to compare the two groups. Since the test is nonparametric, the data were presented by using the median (range). The median of the experimental group and control group 1 was 8.9 (0-13.3) and 68.9 (51-95.6), respectively. Statistical analysis showed a significant difference with the z = -2.34 and p = 0.019 (p ! 0.05).
Histological Analysis
Hematoxylin and eosin staining of the in vivo construct showed that the implantation area had been covered completely by epithelial lining in the experimental group and control group 1. Marked fibrosis formation was noticed in control group 1 where there was a thick population of fibrous connective tissue at the lamina propria ( fig. 4 c) compared to the experimental group ( fig. 4 a) , resembling the native lamina propria of a normal trachea ( fig. 4 e) .
Higher magnification revealed that the epithelial lining of the experimental group and control group 1 comprised pseudostratified columnar epithelium with cilia, goblet and basal cells ( fig. 4 b, d ) which resembled native tracheal epithelium ( fig. 4 f) . However, some part of the construct showed immature epithelial lining of pseudostratified cuboidal epithelium instead of columnar epithelium cells.
PKH26 Red Fluorescence Analysis
Observation under the fluorescence microscope showed a complete epithelial lining in the experimental group by the presence of continuous blue-colored epithelial cells which were stained with DAPI ( fig. 5 a) . Positive red PKH26 fluorescence of viable appearing cells was observed at a random pattern along the epithelial lining ( fig. 5 b) after 4 weeks of TEREC implantation.
Scanning Electron Microscopy Analysis
Observation of the apical surface of the epithelial cells of the experimental group using scanning electron microscopy showed formation in abundance of short microvilli-like structures which represented immature cilia ( fig. 6 a, c) as compared to the native tissue ( fig. 6 b, d ). The length of the cilia on the apical surface of the epithelial cells in the experimental group was not homogenous whereby in some areas, the cilia were found longer than in other regions.
Discussion
In this study, we developed a bilayered TEREC made of autologous nasal respiratory epithelial cells and fibroblasts using fibrin as the biomaterial. The bilayered TEREC covered the tracheal mucosal defect and further promoted regeneration of functional tracheal epithelial lining, thus preventing fibrosis formation. The main idea of this study is the usage of an autologous source of cells and biomaterial to provide a fully autologous TEREC for the treatment of tracheal mucosal loss. In tracheal stenosis, surgeons will remove the stenotic area leaving a raw cored surface which will heal resulting in recurrent fibrosis. Respiratory epithelial cells and fibroblasts were harvested from sheep's nasal turbinates, which was a minor procedure. Fibrin was derived from plasma that can be extracted from sheep's own blood. Autologous implantation is the preferred method as it excludes the risks of immunological rejection, disease transmission and contamination, thus accelerating the recovery process. Respiratory epithelial cells and fibroblasts were cultured using the coculture system described in our previous studies [Ziegelaar et al., 2002; Nur Adelina et al., 2007] . Stimulatory effects of fibroblasts facilitated epithelial cell differentiation into mainly basal, ciliated and goblet cells with increased mucin secretion [Goto et al., 1999; Kobayashi et al., 2006 Kobayashi et al., , 2007 . Respiratory epithelium cells obtained using a coculture system produce significantly more basal cells and stem cell gene expression, suggesting a high potential to regenerate a normal tracheal epithelium in vivo [Hong et al., 2004; Nur Adelina et al., 2007] . Sheep plasma was extracted from sheep's own blood in tubes containing anticoagulant sodium citrate. Sufficient CaCl 2 was added to the admixture to initiate the coagu lation cascade which ultimately produced the fibrin [Mazlyzam et al., 2007] . Besides functioning as a scaffold, the usage of fibrin is also advantageous in accelerating wound healing [Mazlyzam et al., 2007] . Apart from functioning as a provisional matrix, fibrin has adhesive properties and provides intrinsic growth factors to promote epithelial cell and fibroblast migration and proliferation [Ruszymah, 2004; Ahmed et al., 2008] . Moreover, fibrin also has a direct effect on angiogenesis, which is beneficial during wound repair [Laurens et al., 2006] .
The implantation of TEREC provides an immediate coverage that resembled native tissue over the mucosal defect. In addition, it also plays a role in promoting epithelialization and migration of native epithelial cells from the surrounding area [Kanzaki et al., 2006] . These could be due to the ability of cultured respiratory epithelial cells and fibroblasts to exert paracrine effects on the host tissue by releasing various cytokines and growth factors that can enhance the wound healing response [Kanzaki et al., 2006] . In the group where fibrin was used without cells, the closure of the tracheal mucosal defect was slower. The slowness of peripheral epithelial regeneration and migration to heal the defect resulted in excessive granulation tissue formation and scar tissue contraction reaction. The presence of titanium mesh on top of the construct did not interfere with the wound healing process as the fibrotic tissue was able to grow over it. It is an inert biomaterial that provides support to the viable autologous tissue [Janssen et al., 2009] .
Poor wound healing observed in group 2 indicated that the natural wound healing process alone was not adequate to heal the large mucosal defect, which leads to excessive granulation tissue formation without signs of reepithelialization [Hardillo et al., 2001] .
Histological assessment revealed that the implantation of bilayer TEREC resulted in the mucosal defect being completely covered by epithelial lining with thin lamina propria resembling native mucosa. The presence of the fibrin-fibroblasts layer in this study may have been the reason for generation of a normal epithelium. Fibroblasts beneath epithelial cells are important for the reconstruction of the basement membrane. The basement membrane was reported to influence differentiation, migration and proliferation of epithelial cells and is im- portant in maintaining structural tissue integrity [Kobayashi et al., 2006 [Kobayashi et al., , 2007 Nomoto et al., 2008] . Another previous study suggested that epithelial-fibroblast interaction plays a crucial role in the organogenesis, morphogenesis and differentiation of the tracheal epithelial cells [Goto et al., 1999] . Although the implantation of the cell and fibrin construct demonstrated the regeneration of pseudostratified columnar epithelium lining, the cells found within this epithelium 4 weeks after surgery actually comprised cells in heterogenous morphologies. This could be due to the adaptation mechanism caused by exposure of conditioning air to the cells in vivo. Hence, it is a b d c expected that after a certain period, these epithelia will be more mature and form a normal respiratory epithelial lining. Cultured respiratory epithelial cells are polygonal shaped, and it is expected that it may take some time before they can adjust to the condition at the air-liquid interface, and convert to the morphology of the cells in the host environment. Fluorescence microscopic analysis showed the presence of a dense lining of DAPI-stained epithelial cell nuclei, which indicated that the wound had been completely covered by epithelial lining after 4 weeks of TEREC implantation. The presence of positive red fluorescence PKH26 cells in a random pattern indicated that some of the implanted respiratory epithelial cells were still alive and intercalated with host cells along the epithelial lining. The mosaic pattern seen could, alternatively, have resulted from intermingling of labelled implanted cells with derivatives of others which had already lost PKH26 label due to their mitotic activity. Scanning electron analysis of implanted TEREC in vivo showed the abundant presence of immature cilia on the apical surface of epithelial cells. The presence of a ciliated epithelium is essential for a normally functioning trachea in order to prevent stasis of secretion and airway obstruction during the crucial period of reepithelialization [Wu et al., 1997; Genden et al., 2003 ]. However, Shaw et al. [2001] reported that the cilia appear to need a reasonable base of the epithelium before the regeneration occurs. The regeneration of cilia takes a considerable length of time and the time for completion of ciliogenesis varies from cell to cell. This would suggest that given a longer in vivo period, the development of cilia on the surface of TEREC would be better.
